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We investigate here the changes in the electronic structure at the transition metal sites of the RE-TM5
structure (RE ¼ Rare Earth, TM ¼ Transition Metal) while doping the interstitial sites with nitrogen. LaCo5
compound is taken as the baseline compound owing to its critically needed intrinsic magnetic properties
such as magneto-crystalline anisotropy energy (MAE) ofz5 meV/fu [1] due to the contributions from the
cobalt network. In addition, because of the lack of 4f electrons in lanthanum, complications originating
from the treatment of the 4f localized electrons are absent in this compound; making it an ideal refer-
ence material to all the isostructural RE-TM5 compounds. Addition of nitrogen is shown to reduce the
local spin moments of the nearest TM due to the hybridization present between N-2p states and the TM-
3d states. More importantly, we showed here how a planar anisotropy becomes a strong uniaxial
anisotropy after the addition of nitrogen into LaCo2Fe3 and LaCo2Mn3, and linked this transformation to
the band structure changes after nitrogenation. Effect of nitrogen in Sm2Fe17 and NdFe12 is already
known, in that, it increases the Curie temperature, and induces a strong magnetic anisotropy for both
compounds. In this study we show that similar trends can be observed in RM-TM5 type compounds
providing a challenge for experimentalists to realize these compositions through appropriate synthesis.
Future studies will be conducted to understand whether the additions of nitrogen may induce a struc-
tural transformation from 1e5 into 2-12 or 2-17 type intermetallics.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The prospects of discovering a new permanent magnet that is
better than Nd2Fe14B is slim since this is an almost ideal hard
magnetic material that comprises mostly of abundant iron that
provides the magnetic moment while neodymium introduces
anisotropy owing to the presence of spin-orbit coupling and site
dependent crystal field splitting of 4f electronic states [2]. A large
magnetic saturation along with anisotropy imparts a record energy
product (BH)maxz 512 kJ/m3 in this compound [3]. While Nd2Fe14B
is at the upper limit of the energy product scale, hexagonal ferrites
with their theoretical limit of (BH)maxz 45 kJ/m3 is at the lower
end. Regardless of their modest hard magnetic properties, the
production volume of ferrites is still the largest thanks to their ease
of processing and low price [3].
As the number of technological devices that rely on permanent
magnets increase, the demand for light and heavy rare-earth ele-
ments will soar making the production costs of rare-earth magnets
prohibitively high. This situation calls for remedies that could help
lessen the demand on rare-earth magnets. One obvious solution
would be to develop new magnets with an energy product that is
between 100 and 300 kJ/m3, that are also easy to process with low
or no dependence on rare-earth elements. Suchmagnets, which are
sometimes referred to as “gap magnets” would be an ideal substi-
tute for applications in which ferrites are employed as well as the
ones that do not require a very large energy product. Inspired by
the pressing need to find a gap magnet, we explored an important
member of the RE-TM5 family (RE ¼ Rare Earth, TM ¼ Transition
Metal): LaCo5. RE-TM5 compounds are known to have the CaCu5
structure (P6/mmm, No.191) that is comprised of alternating layers
of hexagonal nets formed by the TM atoms (2c) with the RE sitting
at the center of the net and planes of TM atoms (3g) arranged in a
Kagome network. The uniqueness of this structure, and how it
creates a favorable arrangement of TM5 network was recently
discussed in a review article [4] as well as some other first princi-
ples studies [5e8]. Our attempt to improve the magnetic
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performance of this intermetallic was to substitute iron/manganese
for cobalt with the hopes of improving the magnetization, while
nitrogen doping at the interstitial sites was performed to improve
the anisotropy through tailoring the electronic structure. Fig. 1
shows various compounds that are investigated in this study.
Briefly, cobalt atoms at the 3g or 2c sites were substituted either by
iron or manganese making LaCo2(Fe/Mn)3 or LaCo3(Fe/Mn)2
respectively as shown in Fig. 1 (b) and (d). In some compounds, the
interstitial sites formed by two face-sharing tetrahedra were doped
with nitrogen yielding LaCo2(Fe/Mn)3N2 or LaCo3(Fe/Mn)2N2 as
illustrated in Fig. 1 (c) and (e).
It is well known that rare-earth intermetallics arewidely used as
hydrogen storage materials due to their empty tetrahedral in-
terstices formed by the TM network. In addition, the enhancement
of magnetic properties through nitrogenating in Sm2Fe17 [9], as
well as in NdFe12 [10e13] is shown in several studies. Nitrogen,
through modifications of the crystalline electric field around the RE
atom in Sm2Fe17 and NdFe12, changes their magnetic anisotropies
from planar to uniaxial for each compound; thus, making them
suitable for permanent magnet applications. Also, by expanding the
unit cell volume, the exchange interaction between TMs is
enhanced with a resultant increase in TC by 360 K in Sm2Fe17 [9]
and around 100-200 K in NdFe12 [10e13]. In fact, remarkable
enhancement of saturation magnetization and anisotropy in
NdFe12N is to a degree that both of these metrics are better than
that of the premiere Nd2Fe14B [14]. Inspired by these recent results,
part of this study is dedicated to investigating the effect of inter-
stitial nitrogen additions to the RETM5 structure on the magnetic
properties through a systematic analysis of the electronic structure
changes before and after nitrogenating. It is worth emphasizing
here that while the interstitial nitrogen additions form a triangle
around the RE atom in Sm2Fe17, the only available tetrahedral
interstitial sites for nitrogen is at the TM(3g) plane in a RE-TM5
structure.
2. Computational approach
The calculations were carried out with the all electron full-
potential linearized augmented plane wave (FP-LAPW) density
functional theory (DFT) method and included the spin orbit
coupling to calculate the magneto-crystalline anisotropy [15,16].
The sphere radii were set at 2.50, 1.59, 1.59 and 1.30 bohr for La, Fe,
Mn and N. The k-space integrations have been performed using
15  15  17 Brillouin zone mesh which was sufficient for the
convergence of total energies (106 Ry), charges, and magnetic
moments. For RE-TM5 systems, the higher values of plane-wave
cut-off (RKmax. ¼ 9.0 and Gmax. ¼ 14) are required. All of the cal-
culations were performed by assuming a collinear spin arrange-
ment. Magnetic anisotropy energy (MAE) was calculated as the
total energy difference with magnetic moment aligned along with
the planar and c-axis directions MAE ¼ E[100] e E[001]. Here the
E[100], E[001] are the total energies with the magnetization aligned
along the ba and bc axes in the hexagonal unit cell. The positive
(negative) values for the corresponding MAE correspond to the
uniaxial and planar anisotropy. Because the calculation of MAE
values from first principles methods can be challenging as shown in
previous studies [17,18], it is important to check its convergence
with respect to the number of k points to ensure accuracy. As
illustrated in Fig. 2, the difference in MAE values as well the mag-
netic moment is less than 1% between 4096 and 8000 k points. All
Fig. 1. (a) Crystal structure of LaCo5, (b) LaCo2(Fe/Mn)3, (c) LaCo2(Fe/Mn)3N2, (d) LaCo3(Fe/Mn)2, (e) LaCo3(Fe/Mn)2N2.
H. Ucar et al. / Journal of Alloys and Compounds 836 (2020) 1552632
of theMAE values as well as themagnetic moments reported in this
paper correspond to 4096 reducible k points in the full Brillouin
zone.
We deployed local density approximations (LDA) [19] for the
exchange correlation approximation across all the compounds
investigated in this study. A Hubbard U correlation parameter was
not introduced neither at the lanthanum, as it does not possess any
4f electrons, nor at the cobalt sublattice. In an earlier study, our
claim was that a Coulomb-U, and an exchange-J correction
parameter at the cobalt site may not be absolutely necessary to
predict reasonable MAE values within an error margin that allows
one to draw meaningful conclusions [4]. This approach makes the
electronic structure calculations free from any empirical correc-
tions that artificially increases the MAE of these compounds.
“As for the lattice parameters, we fixed them to the experi-
mental values: a ¼ b ¼ 5:100A ; c ¼ 3:968A for the LaCo5 com-
pound [1]. These lattice parameters are taken as reference for all
the doped materials first, then they were optimized by taking the
corresponding values at the lowest energy values as they reflect the
ground state. For these optimizations, a total of 1024 k points are
used in the full Brillouin zone. A result of such a volume optimi-
zation procedure is provided in Fig. 3 below for the LaCo2Fe3N2
compound as an illustrative example. The changes in the lattice
parameters after the optimization for all the compounds are shown
in Fig. 4(b) for the iron-doped and Fig. 7(b) for the manganese
doped LaCo5.”
3. Results
3.1. Magnetization, MAE and DOS of LaCo5-xFexN2-y (y ¼ 0 and 2)
A spin polarized calculation is performed for each hypothetical
compound. Fig. 4(a) illustrates local spin moments at each distinct
crystallographic site while total moment and lattice constant var-
iations are presented in Fig. 4 (b) for the LaCo5-xFexN2-y type
compounds. In addition, DOS plots are provided in Fig. 4(c) to allow
for direct correlation. Site resolved magnetic moments are calcu-
lated by performing spin polarized calculations in which the atom
projected integrated DOS in different spin channels are subtracted.
Our attempt in this section as well as section 3.2. is tomake sense of
this data using DOS as a trending guide. It is noteworthy
mentioning that the volume optimization is done for each com-
pound based on the method explained in Fig. 3, and the trend is
that both ba and bc lattice parameters keep increasing when cobalt
atoms at the (3g) or (2c) sites are replaced by iron as well as when
nitrogen goes into the interstitial sites. This volume expansion
inevitably alters the magnetic properties, and we discuss the vol-
ume effects in the subsequent sections.
First of all, from Fig. 4(c), bands going from LaCo5 (bottom panel)
to LaCo2Fe3N2 (top panel) start to become narrower which would
be indicative of the slight gain in the atomic moment due to added
Fe. While the calculated total magnetic moment of LaCo5 is 7.36 mB/
fu in favorable agreement with experiments (z8.8 mB/fu [20]), it
increases slightly to 7.9 mB/fu for the LaCo2Fe3N2, and the MAE of
LaCo2Fe3N2 being approximately 2.12 meV/f.u. is almost four times
as large as the MAE of our base compound LaCo5 (Fig. 5). Narrow
bands that are more atomic-like favor magnetism [21], and herewe
are seeing an example of it with the peak that belongs to the TM(2c)
site in these compounds.
Another important point to realize is that whenwe add nitrogen
at the tetrahedral interstices of the base compound LaCo5, the local
spin moment at the TM(3g) site almost vanishes, and it is slightly
reduced at the TM(2c) site. The different amount of reductions in
the local spin moments are related to the distance from N and this
behavior can be understood by the hybridization present between
the N-p states with surrounding TM(3g) atoms as demonstrated for
the LaCo5N2 compound in Fig. 4(c). The hybridization between N-
2p states and TM-3d states at the (3g) sites is more prominent
because they are located closer to N than (2c) sites. The spin up
density of states are almost fully occupied in LaCo5 as can be seen in
the DOS at the bottom panel of Fig. 4(c). When N is introduced to
make LaCo5N2, TM(3g) states strongly hybridize with the N-2p
states. We can see that the anti-bonding state is right above the
EFz 0.1 eV in the spin-up N-2p states which is shifting the energy
of TM (3g) states to higher energies. This shift in energy brings
about a reduction in the number of spin-up electrons; hence, the
inevitable drop in the local spin moments at (3g) sites after the
introduction of N. Because we don’t see much hybridization be-
tween the N-2p states and the TM(2c) states that would cause an
Fig. 2. The dependence of magneto-crystalline anisotropy energy (MAE) and total
magnetic moment per formula unit on the number of k points used.
Fig. 3. Volume optimization performed on LaCo2Fe3N2 that yielded a ¼ b ¼ 5:6905A ;
c ¼ 4:4272A.
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Fig. 4. (a) Site resolved spin magnetic moment at the TM (2c) site and the TM (3g) site. Note that atoms at the TM(2c) site are in the same plane as the RE, and the atoms at the
TM(3g) site are in the same plane as the nitrogen for the doped compounds. (b) Total moment and the lattice constant variations for the LaCo5-xFexN2-y type compounds. (c) Atomic
DOS of the same set of hypothetical compounds having d-states of La & TMs and p-states of Nitrogen.
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energy shift, the local spin moment at those sites are maintained to
a certain extent. Similar energy shift arguments after the intro-
duction of interstitial light elements were made by several authors:
(i) Kanamori discussed the role of B in Nd2Fe14B and introduced
cobaltizationwhich basically refers to the reduced Fe moments due
to the hybridization between B-2p states and the Fe-3d states
[22,23], (ii) Harashima et al. used the cobaltization argument to
explain the magnetic behavior of NdFe11TiB [24], (iii) Ogura et al.
explained the changes in the local moments of Fe at different sites
in Sm2Fe17Nx by investigating the DOS with and without N and tied
it to the strong hybridization between N-p states and Fe-3d states
at adjacent sites [25].
Similar reasoning for the drop in the local moments at the (3g)
sites can be made for the compounds: (i) LaCo3Fe2 and LaCo3Fe2N2,
(ii) LaCo2Fe3 and LaCo2Fe3N2 by observing the influence of hy-
bridization between the N-p states and the TM-3d states at the (3g)
sites. The only difference between these and the LaCo5N2 com-
pound is that the hybridization is not as prominent for these two
types of compounds as it was for the LaCo5N2 which explains the
loss of the magnetic moments at the (3g) sites.
The addition of nitrogen also brings about an increase in the
MAE value as the MAE of LaCo5N2 is almost twice as much as the
base LaCo5 compound as shown in Fig. 5. A more radical change in
the MAE behavior is present when N is added to LaCo2Fe3: A
moderately large in-plane anisotropy in LaCo2Fe3 is changed to a
strong uniaxial anisotropy after introducing N to make LaCo2Fe3N2.
The MAE of LaCo2Fe3N2 is the largest of all the compounds studied
in this report and it is four times as large as the MAE of the base
compound LaCo5. While we are aware that anisotropy could be a
result of both crystal field effects and band structure effects, for
these TM heavy compounds, the latter is likely tomake a significant
contribution since it is directly a consequence of the hybridization
between the valence states of the constituent atoms [26]. Fig. 6
shows the minute changes for the LaCo2Fe3N2 that has the largest
MAE among all the compounds investigated in this study when it is
magnetized along [100] (planar) and [001] (uniaxial) directions.
When the compound is magnetized along the [100] direction, the
spin-up and spin-down bonding electron density increases
around 1 eV in valence band which eventually changes the band
energy. We would like to emphasize that one should be cautious
when trying to rationalize the shift in anisotropy as it may originate
from multiple physical phenomena. Because we have the DOS data
on these compounds at the moment, we attempted to explain the
shift as a possible consequence of the change in the DOS when the
compound is magnetized parallel and perpendicular to the bc axes
as shown in Fig. 6.
It is also worth mentioning the theoretical energy product,
(BH)maxz1=4m0M
2
s in (kJ/m
3), Ms(A/m), MAE in (MJ/m3) as well as
the energy of formation, DHformation(eV/fu) for the LaCo5-xFexN2-y
(y ¼ 0 and 2) type compounds. Energy of formation is calculated
by the following equation:
Energy of the reference elements is calculated by taking the
experimental structure of dhcp-La, bcc-Fe, hcp-Co and fcc-N. Un-
fortunately, there is controversy in describing the crystal structure
of N [27,28]. We took the structural parameters of the a phase
which is cubic and the low temperature structure of N [27].
Enthalpy of formation calculations also allow us to make pre-
dictions about the stability of the RE-TM5 structure. More
Fig. 5. Calculated formation energy, MAE, and the energy product for LaCo5-xFexN2-y
compounds. Pure components: a-La, Co (HCP), Fe (BCC), N (FCC).
Fig. 6. Atomic DOS of LaCo2Fe3N2 for the magnetization along [001] and [100]
directions.
DHformation

LaCo5xFexN2y

≡Htot

LaCo5xFexN2y
Htot ½La  ð5 xÞHtot ½Co  ðxÞHtot ½Fe  ð2 yÞHtot ½N
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Fig. 7. (a) Site resolved spin magnetic moment at the TM (2c) site and the TM (3g) site. Note that atoms at the TM(2c) site are in the same plane as the RE, and the atoms at the
TM(3g) site are in the same plane as the nitrogen for the doped compounds. (b) Total moment and the lattice constant variations for the LaCo5-xMnxN2-y type compounds. (c) Atomic
DOS of the same set of hypothetical compounds having d-states of La & TMs, and p-states of Nitrogen.
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importantly, based on the energy of formation results in Fig. 5, it is
obvious that nitrogen is certainly stabilizing the 1-5 structure in
addition to imparting a large uniaxial anisotropy to it. As for the
maximum energy product (BH)max, it decreases from 183 to 109 kJ/
m3 going from LaCo5 to LaCo2Fe3N2. This originates from the
reduction in the net saturationmagnetization per unit volume after
the addition of nitrogen to LaCo5 which brings about nearly 39%
expansion in the lattice. According to the present calculations,
LaCo5-xFexN2 compound is energetically lower when iron occupies
the 2c site indicating that Fe prefers the 2c over 3g site.
3.2. Magnetization, MAE and DOS of LaCo5-xMnxN2-y (y ¼ 0 and 2)
Fig. 7(a) illustrates local spin moments at each distinct crystal-
lographic site while the total moment and lattice constant varia-
tions are presented in Fig. 7(b) for the LaCo5-xMnxN2-y type
compounds. In addition, DOS plots are provided in Fig. 7(c) to allow
for direct analyses. The consequences of hybridization between the
N-p states and the TM-3d states at the (3g) site are similar to the
behavior shown for the LaCo5-xFexN2-y compounds, i.e., the local
spin moments at (3g) sites drop. Here the reduction in moment
values is less at these sites which could be understood by observing
DOS above the EF of LaCo3Mn2 and LaCo2Mn3 in Fig. 7(c) and
compare the same regionwith the DOS of LaCo3Fe2 and LaCo2Fe3 in
Fig. 4(c). While the spin-up electronic states are full for the Fe based
compounds, they extend into the anti-bonding states in the Mn
based compounds. After the introduction of N, the anti-bonding
spin-up states are pushed below the EF gaining a bonding char-
acter in the hybridized states of the Mn based compounds. This is
the reason for having losses in the local spin moments of the (3g)
states. A corollary to this phenomenon, we observe an increase in
the local moment at the TM(2c) sites in LaCo3Mn2 with additions of
N as shown in Fig. 7(a).
Other similarities between Mn and Fe based compounds is the
major shift in the anisotropy behavior in the LaCo2Mn3 compound
when N is doped at the interstitial sites to make LaCo2Mn3N2. The
planar anisotropy of LaCo2Mn3 changes to strong uniaxial anisot-
ropy in LaCo2Mn3N2. In addition, DOS for the TM-d states at the (2c)
sites start to have a major peak at EF after the addition of N into
LaCo2Fe3. Like Fe in LaCo5-xFexN2-y compounds, Mn also prefers 2c-
site in LaCo5-xMnxN2-y compounds. Calculated formation energy,
MAE, and the energy product for LaCo5-xMnxN2-y compounds are
provided in Fig. 8 which shows several parallel behaviors observed
with the LaCo5-xFexN2-y compounds as illustrated in Fig. 5.
3.3. Effect of lattice volume on magnetic properties of LaCo2Fe3N2
It is widely accepted that magnetic properties depend sensi-
tively on the lattice parameters for a given structure. This is why, all
the structure relaxation computations were done in a consistent
manner. For example, for all the compounds same exchange cor-
relation functional, k points, RKmax were chosen. To check the
volume dependence of magnetic properties for LaCo2Fe3N2, mag-
netic moments and MAE values were calculated as a function of
unit cell volume within LDA functional. As illustrated in Fig. 9,
magnetic moment monotonically increases with increasing cell
volume as expected [29], while MAE value has a dip around 119A
3
that starts to increase with increasing volume from that point on.
Fig. 8. Calculated formation energy, MAE, and the energy product for LaCo5-xMnxN2-y
compounds. Pure components: a-La, Co (HCP), a-Mn, N(FCC).
Fig. 9. Total unit cell magnetic moment and MAE per formula unit basis as a function
of unit cell volume for LaCo2Fe3N2 under LDA functionals.
H. Ucar et al. / Journal of Alloys and Compounds 836 (2020) 155263 7
The relaxed structure that corresponds to the optimized volume is
also shownwith arrows on the same figure as well. According to the
Bethe-Slater curve [30,31], exchange interactions depend on
interatomic distance for TM elements which can lead to enhance-
ments in the magnetic moments as illustrated in Fig. 9.
4. Conclusions
In conclusion, we attempted to elucidate the role of nitro-
genation at the interstitial sites as well as substitutional doping of
Fe or Mn at the TM sites of the RE-TM5 structure. Main findings of
this study are summarized as:
i. Nitrogen additions reduce the localized spin moments at the
TM(3g) sites by hybridization taking place between the two
sites. As a corollary to this hybridization, electrons in the
bonding orbitals are pushed into the antibonding level
slightly above the EF.
ii. Doping the TM(2c) or TM(3g) sites of LaCo5 with either Fe or
Mn induces a planar anisotropy, which then attains strongly
uniaxial anisotropy after the addition of N into either
LaCo2Fe3 or LaCo2Mn3. This shift in the anisotropy behavior is
believed to originate from the band structure changes that
occurwhen the compound ismagnetized in planar and in the
uniaxial directions. In addition, the DOS at the EF increases
appreciably after the addition of N into LaCo2Fe3 or
LaCo2Mn3.
iii. As the volume of nitrogen doped RE-TM5 increases, magnetic
moment increases as demonstrated in Fig. 9 is possibly due
to enhanced exchange coupling between the TM sites
assuming the exchange interaction varies according to the
Bethe-Slater curve.”
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